The peroxisome-proliferator-activated receptor gamma coactivator 1 ␣ (PGC1␣) has been implicated in the pathogenesis of several neurodegenerative disorders, including Huntington's disease (HD). Recent data demonstrating white matter abnormalities in PGC1␣ knock-out (KO) mice prompted us to examine the role of PGC1␣ in CNS myelination and its relevance to HD pathogenesis. We found deficient postnatal myelination in the striatum of PGC1␣ KO mice, accompanied by a decrease in myelin basic protein (MBP). In addition, brain cholesterol, its precursors, and the rate-limiting enzymes for cholesterol synthesis, HMG CoA synthase (HMGCS1) and HMG CoA reductase (HMGCR), were also reduced in PGC1␣ KO mice. Moreover, knockdown of PGC1␣ in oligodendrocytes by lentiviral shRNA led to a decrease in MBP, HMGCS1, and Hmgcr mRNAs. Chromatin immunoprecipitations revealed the recruitment of PGC1␣ to MBP promoter in mouse brain, and PGC1␣ over-expression increased MBP and SREBP-2 promoter activity, suggesting that PGC1␣ regulates MBP and cholesterol synthesis at the transcriptional level. Importantly, expression of mutant huntingtin (Htt) in primary oligodendrocytes resulted in decreased expression of PGC1␣ and its targets HmgcS1, Hmgcr, and MBP. Decreased expression of MBP and deficient myelination were found postnatally and in adult R6/2 mouse model of HD. Diffusion tensor imaging detected white matter abnormalities in the corpus callosum of R6/2 mice, and electron microscopy revealed thinner myelin sheaths and increased myelin periodicity in BACHD [bacterial artificial chromosome (BAC)-mediated transgenic model for Huntington's disease] mice expressing full-length mutant Htt. Together, these data suggest that PGC1␣ plays a role in postnatal myelination and that deficient PGC1␣ activity in oligodendrocytes may contribute to abnormal myelination in HD.
Introduction
Huntington's disease (HD) is an autosomal dominant neurodegenerative disease caused by the expansion of the CAG repeat within the huntingtin gene that leads to expanded polyglutamine tracts in the huntingtin protein (Zoghbi and Orr, 2000) . Mutant huntingtin is expressed throughout the body, but HD principally affects various brain regions such as the striatum (STR), cortex, thalamus, and subthalamic nucleus. Although the striatal neurons are preferentially affected, HD is not simply a striatal disease as evidenced by degeneration of many other brain regions in later stages of the disease (Zuccato et al., 2010) .
Abnormalities in oligodendrocytes and white matter have been detected by structural MRI or pathological examinations in HD brains (Myers et al., 1991; Gomez-Tortosa et al., 2001; Fennema-Notestine et al., 2004; Reading et al., 2005; Paulsen et al., 2008; Tabrizi et al., 2009; Weaver et al., 2009; Rosas et al., 2010; Nopoulos et al., 2011) , even in subjects farthest from predicted disease onset (Gomez-Tortosa et al., 2001; Bartzokis et al., 2007; Tabrizi et al., 2009) , suggesting that disruptions in white matter integrity may represent an early event in HD pathogenesis. Although the precise nature of these abnormalities remains unknown, postmortem and neuroimaging data support the hypothesis that myelin breakdown contributes to white matter atrophy in HD (Bartzokis et al., 2007) .
In the CNS, oligodendrocytes (OLs) form myelin wrapping around axons to ensure normal neural signal conduction. Developmental myelination in rodents occurs during the first month postnatally with highly coordinated accumulation of key myelin components, such as myelin basic protein (MBP) and cholesterol (Dietschy and Turley, 2004) . MBP is one of the major proteins of CNS myelin and constitutes as much as 30% of protein. Direct evidence that MBP plays a major role in myelin compaction in the CNS was provided from studies of the shiverer mutant mouse that exhibit a large deletion of the MBP gene (Baumann and Pham-Dinh, 2001 ). Since cholesterol supply in the brain relies mostly on local synthesis (Dietschy and Turley, 2004) , interruption of its synthesis results in impaired myelination (Saher et al., 2005) . Interestingly, cholesterol metabolism impairments have been associated with several neurodegenerative disorders, including HD (Valenza et al., 2005 (Valenza et al., , 2007 Valenza and Cattaneo, 2006) .
Peroxisome-proliferator-activated receptor gamma coactivator 1 ␣ (PGC1␣) plays a role in the transcriptional regulation of energy metabolism and has been implicated in several neurodegenerative disorders (Finck and Kelly, 2006) , including HD Weydt et al., 2006 Weydt et al., , 2009 Chaturvedi et al., 2009 Chaturvedi et al., , 2010 McConoughey et al., 2010; Ró na-Vörös and Weydt, 2010; Hathorn et al., 2011) . PGC1␣ knock-out mice exhibited vacuolar abnormalities in the CNS that were primarily associated with the white matter (Lin et al., 2004; Leone et al., 2005) . Moreover, PGC1␣ expression increases dramatically during the peak of postnatal myelination (Cowell et al., 2007) , suggesting that PGC1␣ may play a role in CNS myelinogenesis. To directly examine whether PGC1␣ participates in postnatal myelinogenesis, we investigated cholesterol biosynthesis and MBP expression in PGC1␣ knock-out mice and primary oligodendrocytes. In addition, we examined whether mutant huntingtin affects PGC1␣ expression in oligodendrocytes and whether myelination is altered in HD mouse models.
Materials and Methods
Animals. PGC1␣ knock-out mice (Leone et al., 2005) , R6/2 HD mice (Mangiarini et al., 1996) , and BACHD [bacterial artificial chromosome (BAC)-mediated transgenic model for Huntington's disease] mice (Gray et al., 2008) and their littermate wild-type (WT) controls of either sex were used. All animal use procedures were in accordance with the National Institutes of Health guidelines and were approved by Massachusetts General Hospital.
Immunohistochemistry. Sections were permeabilized in PBS containing 0.1% Triton X-100 and 5% donkey serum and then incubated with primary antibodies (goat anti-MBP [D18], 1:500; Santa Cruz Biotechnology; rabbit anti-Olig2, 1:400, Millipore Bioscience Research Reagents; mouse anti-neurofilament, 1:1000; Sigma) followed by appropriate fluorescence-conjugated secondary antibodies. Fluorescence images were acquired with a CCD camera attached to a fluorescence microscope (Olympus; BX50) or a confocal microscope. All quantifications were performed with ImageJ software (National Institutes of Health). To quantify MBP immunostaining intensity, regions of interest (ROIs) were delineated by adjusting threshold, and fluorescence intensities were measured. To quantify MBP immunostaining intensity of confocal images, ROIs were delineated by adjusting threshold in the red channel (neurofilament [NF] staining); fluorescence intensities were measured in both red channel (NF) and green channel (MBP), and the degree of myelination expressed as the ratio of MBP intensity/NF intensity.
Western blotting. Brain tissue samples were homogenized in a buffer containing 40 mM Tris-HCl, pH 7.4, 4 M urea, 5% (w/v) SDS, 2% ␤-mercaptoethanol, and 1% (v/v) protease inhibitor mixture. For SDS PAGE, 30 -50 g proteins were separated in an 8 -16% gradient gel and transferred to a PVDF membrane. The membrane was blotted with goat anti-MBP and mouse anti-␣-tubulin (Sigma) sequentially. After incubation with HRP-conjugated secondary antibodies, the bound antibodies were visualized by chemiluminescence.
Real-time RT-PCR. Total RNA was extracted with Trizol reagent and reverse transcribed into cDNA using Oligo(dT) primer (Invitrogen). Real-time PCR was performed on iCycler (Bio-Rad) using SYBR green PCR mix (Invitrogen). The PCR parameters were 35 cycles with 94°C denaturation for 20 s, 60°C annealing for 30 s, and 72°C extension for 50 s. The primers used were as follows: glyceraldehyde-3-phosphate dehydrogenase (GAPDH, rat and mouse), (5Ј-acccagaagactgtggatgg-3Ј), (5Ј-cacattgggggtaggaacac-3Ј); PGC1␣ (rat), (5Ј-atgtgtcgccttcttgctct-3Ј), (5Ј-atctactgcctggggacctt-3); PGC1␣ (mouse), (5Ј-ccgagaattcatggagcaat-3Ј), (5Ј-tttctgtgggtttggtgtga-3Ј); 3-hydroxy-3-methylglutaryl-coenzyme A synthase 1 (HMGCS1, rat and mouse), (5Ј-ctctgcctgactgtggttca-3Ј), (5Ј-cctcaaacagctgcatcaaa-3Ј); 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR, rat), (5Ј-tgctgctttggctgtatgtc-3Ј), (5Ј-tgagcgtgaacaagaaccag-3Ј); HMGCR (mouse), (5Ј-cacctctccgtgggttaaaa-3Ј), (5Ј-gaagaagtaggcccccaatc-3Ј); MBP (rat), (5Ј-gcttctttagcggtgacagg-3Ј), (5Ј-gggttttcatcttgggtcct-3Ј); MBP (mouse), (5Ј-cttcaaagacaggccctcag-3Ј), (5Ј-cctgtcaccgctaaagaagc-3Ј); ␣-tubulin (rat and mouse), (5Ј-agagatcaccaatgcctgct-3Ј), (5Ј-actggatggtacgcttggtc-3Ј); cyclooxygenase-1 (COX-1, rat), (5Ј-agagatcaccaatgccagct-3Ј), (5Ј-actggatggtacgcttggtc-3Ј). The relative expression for any given gene was normalized with GAPDH or ␤-actin and then expressed as fold changes as indicated.
Oligodendrocyte primary culture and lentiviral infections. Oligodendrocyte primary culture was prepared from P1 Sprague Dawley rat pups as described previously (McCarthy and de Vellis, 1980) and cultured in serum-free medium (high glucose DMEM and N2 supplement) with 30 ng/ml triiodothyronine (T3) and 20 ng/ml ciliary neurotrophic factor (CNTF) (Wang et al., 2006) . The purity of the culture was 80 -90% oligodendrocytes and 10 -20% astrocytes by positive immunostaining to oligodendrocyte transcription factor 2 (Olig2) and glial fibrillary acidic protein (GFAP), respectively. For lentiviral infections, lenti-Htt Ex1-25Q and Htt Ex1-72Q were received from Dr. E. Regulier (Novartis, Basel, Switzerland); shPGC1␣ plasmid was purchased from Sigma (TRCN0000095313); shRNA control vector was purchased from Addgene (#1864). Lentivirus was produced as previously described (Tiscornia et al., 2006) , and virus titer was determined using HIV-1 p24 Antigen ELISA kit (Zeptometrix).
Oligodendrocyte precursor cell transfection assay. Mouse oligodendrocyte precursor (mOP) cells (Lin et al., 2006) were transfected with luciferase expression plasmid that contains the Ϫ1323 to ϩ30 of the mouse MBP 5Ј-flanking region upstream of the luciferase (Miskimins et al., 2002) and empty pcDNA3 vector or 40 ng of pcDNA3-PGC1␣ (Puigserver et al., 1998) . Cell extracts were prepared 48 h after transfection for luciferase assay using the Dual-Glo luciferase assay system (Promega), normalized to activity from the cotransfected Renilla luciferase expression vector.
Chromatin immunoprecipitation assay. Fresh P15 mouse brains were homogenized in DMEM, cross-linked with 1% formaldehyde, and lysed in SDS lysis buffer. Cell lysates were sonicated and immunoprecipitated with normal IgG or specific antibody against PGC1␣ (sc-13067; Santa Cruz Biotechnology) using Magna Chromatin immunoprecipitation (ChIP) Protein A Magnetic Beads (Millipore), according to the manufacturer's instructions. Normal rabbit IgG served as a negative control. Precipitated DNA fragments were analyzed by PCR amplification using primers directed against the indicated regions of the mouse MBP promoter. MBP intron region and ␤-actin promoter were used as negative controls.
Sterol measurement. Brain homogenates were prepared in PBS. Thirty microliters of homogenates were added to a screw-capped vial sealed with a Teflon-lined septum, together with 200 ng of 5a-cholest-7-en-3b-ol-1,2,5a,6a-d4 (D 4 -lathosterol; CDN Isotopes), 200 ng of D 3 24S-hydroxycholesterol, 50 ng of D 6 27S-hydroxycholesterol, and 5 g of (D 6 -cholesterol) as internal standards. To prevent auto-oxidation, 50 l of butylated hydroxytoluene (5 g/L) and 50 l of EDTA (10 g/L) were added to each vial, and argon was flushed through to remove air. Alkaline hydrolysis was allowed to proceed at room temperature (22°C) for 1 h in presence of 1 M ethanolic potassium hydroxide solution under magnetic stirring. After hydrolysis, the neutral sterols and oxysterols were extracted two times with 5 ml of cyclohexane. The organic solvents were evaporated under a gentle stream of argon and converted into trimethylsilyl ethers (pyridine:hexamethyldisilazane:trimethylchlorosilane, 3:2:1 [v/v/v]). Gas chromatography-mass spectrometry to quantify sin-gle components was performed as described previously (Valenza et al., 2007) .
ST14A cell culture and sterol regulatory element luciferase assay. ST14A cells were transfected by electroporation for sterol regulatory element (SRE) luciferase assay as described previously (Valenza et al., 2005) . The constructs used were SRE-luciferase reporter construct (pSynSRE), pCDNA-PGC1␣, pSV-PGC1␣, and pCDNA3.1 (Invitrogen) as empty vector. The electroporated cells were grown for 12 h followed by 24 h in either DMEM plus 10% FBS or 5% delipidated serum (to stimulate SRE activity) before the luciferase assay.
Diffusion tensor imaging. Diffusion tensor imaging (DTI) was performed on an 11.7 tesla nuclear magnetic resonance (NMR) spectrometer (Bruker Biospin). Bird-cage radiofrequency coils with diameters of 15 mm were used for transmission and reception. A 3D diffusion-weighted multiple spin echo sequence was used to acquire images with four spin echoes (six spin echoes for embryonic and neonatal brains), a repetition time of 0.7 s, an echo time of 35 ms, and two signal averages. The field of view was 20 mm ϫ 14 mm ϫ 10 mm. The native imaging resolution was 0.125 mm ϫ 0.125 mm ϫ 0.125 mm. Images reconstructed from each echo were added together to form one image to enhance the signal-tonoise ratio. For each sample, eight diffusionweighted images were acquired with a diffusion gradient duration (␦) of 6 ms and a separation between the pair of diffusion gradients (⌬) of 14 ms. Two images were acquired with a minimum b value (50 s/mm 2 ) and six images with a maximum b value (1,500 s/mm 2 ). Diffusion sensitizing gradients were applied along six different orientations: The total imaging time was ϳ24 h. The ex vivo 3D diffusion-weighted images were reconstructed on an off-line PC workstation using IDL (ITT Visual Information Solutions). Diffusion tensor fitting was performed using DtiStudio (Jiang et al., 2006) . The six elements of diffusion tensor were determined by log-linear fitting. The tensor was diagonalized to obtain three eigenvalues ( 1-3 ) and corresponding eigenvectors (v 1-3 ). Fractional anisotropy (FA) (Basser and Pierpaoli, 1996) was calculated. FA is a measure reflecting directional organization of the brain which is greatly influenced by the magnitude and orientation of white matter tracts. In general, a higher FA value indicates a more directional organization of the tissue and thus is generally accepted as an indication of tissue integrity. ROIs were manually placed on the genu and splenium of the corpus callosum.
Electron microscopy. To analyze the thickness of myelin sheath wrapping individual axons, BACHD, and littermate WT mice at P14 were anesthetized and perfused intracardially with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.4, for 15 min at a pressure of 120 mm mercury. The brains were removed and postfixed in the same fixative for 24 h. Coronal slices (150 m) at the level of bregma 0 mm were cut with a vibratome. Ultrathin sections (60 to 90 nm thickness) were mounted on grids and stained with uranyl acetate and lead citrate. Images were collected using the Tecnai electron microscope at the Harvard Medical School Electron Microscope facility and analyzed as reported (Ohno et al., 2009) 
Results

PGC1␣ KO mice exhibit developmental myelination deficits
Our recent data demonstrating white matter abnormalities in PGC1␣ KO mice (Lin et al., 2004) suggested a role of PGC1␣ in CNS myelination. To more directly examine whether PGC1␣ plays a role in postnatal myelinogenesis, we first quantified myelinated fibers in the striatum of PGC1␣ KO mice. We focused on the striatum because it was the region most affected in PGC1␣ KO mice (Lin et al., 2004) . Immunostaining was performed with anti-MBP and anti-NF antibodies on P10 mouse brain sections and the degree of colocalization of MBP and NF in fiber bundles assessed (Fig. 1) . While there was no significant difference in the total number of neuronal fiber bundles (NFϩ), the number of unmyelinated fiber bundles (NFϩ/MBPϪ) and the percentage of unmyelinated fiber bundles (% of NFϩ/MBPϪ) were significantly increased in PGC1␣ KO mice as compared with littermate WT controls (Fig. 1 B) . In addition, Western blotting, which detected four MBP isoforms with respective molecular weights at 14, 17, 18.5, and 21.5 kDa (Baumann and Pham-Dinh, 2001 ), revealed a significant decrease in total MBP protein in the striatum (Fig. 2 A, B) and in the cortex (data not shown) of PGC1␣ KO mice compared with WT littermates. Interestingly, a significant decrease in MBP mRNA (Fig. 2 B) was also detected, suggesting that MBP expression was suppressed at the level of transcription.
In addition to MBP, brain cholesterol represents another major component of myelin and cholesterol deficiency has been shown to significantly impact normal myelination (Saher et al., 2005) . Therefore, we examined whether postnatal cholesterol synthesis was affected in PGC1␣ KO mice at P14 when myelination and cholesterol synthesis are most active (Dietschy and Turley, 2004) . By isotope dilution mass spectrometry, we found significantly reduced brain cholesterol levels in PGC1␣ KO mice compared with WT littermates (Fig. 2C ). In addition, the levels of cholesterol precursors lathosterol, lanosterol, desmosterol, and 7-dehydrocholesterol were all significantly reduced in the KO mice (Fig. 2 E) . To maintain homeostasis, excessive cholesterol is converted into 24S-hydroxycholesterol in neurons, and similarly converted into 27S-hydroxycholesterol in oligodendrocytes (Brown et al., 2004) . We found that the levels of both 24S-and 27S-hydroxycholesterols were reduced in the PGC1␣ KO mice compared with WT mice (Fig. 2 F) . Since these results suggested that cholesterol biosynthesis was reduced in PGC1␣ KO mice, we examined expression of HMG CoA synthase 1 (HmgcS1) and HMG CoA reductase (Hmgcr), the rate-limiting enzymes for cholesterol synthesis. These experiments revealed that both HmgcS1 and Hmgcr mRNA were significantly decreased in the PGC1␣ KO mice (Fig. 2 D) , suggesting that a decrease in cholesterol, its precursors and metabolites was likely due to decreased expression of these enzymes that act upstream in the cholesterol biosynthesis pathway.
PGC1␣ regulates MBP and cholesterol gene expression in oligodendrocytes
Having found reduced cholesterol synthesis and myelination in PGC1␣ KO mice, we hypothesized that OLs represent the primary site of PGC1␣ action. Utilizing primary OL culture where OLs differentiate and produce MBP and other myelin components (Dubois-Dalcq et al., 1986), we found that upon differentiation, expression of MBP and PGC1␣ increased by ϳ10 fold in these OLs (Fig. 3A) . and HMGCR mRNA (D); cholesterol precursors lathosterol (Latho); lanosterol (Lano), desmosterol (Desmo), 7-dehydrocholesterol (7DHC) (E) and metabolites 24-hydroxycholesterol (24OHC) and 27-hydroxycholesterol (27OHC) (F ). All sterol measurements were mean Ϯ SD of weight over brain weight; n ϭ 3 for both KO and WT mice. For B and D, data expressed as mean Ϯ SEM. Student's t test; *p Ͻ 0.05, ***p Ͻ 0.001.
Since our in vivo data demonstrated downregulation of MBP mRNA in PGC1␣ KO mouse brain (Fig. 2 B) , we examined whether PGC1␣ regulates MBP expression in OLs. To this end, we generated lentiviral shRNA construct that reduced endogenous PGC1␣ expression (Fig. 3B) in OLs by ϳ60%. PGC1␣ knockdown led to a significant decrease in MBP mRNA, suggesting that PGC1␣ regulates MBP gene expression (Fig. 3B) . We did not observe any toxicity or downregulation of control genes such as cyclooxygenase-1 or ␣-tubulin in OLs in the presence of PGC1␣ knockdown (Fig. 3B) . To more directly examine whether PGC1␣ regulates MBP transcription, MBP promoter-reporter was expressed together with lenti-PGC1␣ in mouse OL precursor cells. These experiments showed that PGC1␣ over-expression significantly increased MBP promoter activity compared with vector control (Fig. 3C) . Importantly, ChIP experiments revealed the recruitment of PGC1␣ to MBP proximal promoter in P15 mouse brain (Fig. 3D) . Together, these results suggest that PGC1␣ gets recruited to MBP promoter to regulate its gene expression in OLs.
Since our in vivo data in PGC1␣ KO mice also implicated PGC1␣ in the regulation of cholesterol synthesis, we examined expression of HmgcS1 and Hmgcr in primary OLs. Knockdown of PGC1␣ led to significant downregulation of HmgcS1 and Hmgcr mRNA (Fig. 3E) , further suggesting that PGC1␣ plays a role in the regulation of cholesterol genes. Intracellular cholesterol is tightly controlled by sterol regulatory element binding protein 2 (Srebp-2) which upon activation translocates to the nucleus and binds to SRE to activate transcription of cholesterol synthesis genes such as HmgcS1 and Hmgcr (Horton et al., 2002) . We found that PGC1␣ over-expression significantly increased SRE activity in both lipidcontaining (10% FBS) medium and in lipid-deprived (5% delip) medium (Fig.  3F ) , suggesting that PGC1␣ is involved in the regulation of expression of ratelimiting cholesterol synthesis genes.
Mutant huntingtin inhibits expression of PGC1␣ and cholesterol synthesis genes in oligodendrocytes
Our data so far suggest that PGC1␣ plays a role in postnatal myelinogenesis by regulating the expression of key components of myelin, MBP, and cholesterol. Impaired cholesterol metabolism has been reported in HD (Valenza and Chromatin from P15 mouse brain was immunoprecipitated with indicated antibodies, and the precipitated material amplified by PCR using primers for mouse MBP promoter (a) Ϫ300 to Ϫ145 bp; (b) Ϫ145 to Ϫ32 bp. MBP coding region (c) and ␤-actin promoter (d) were used as controls. Input lanes represent 0.5, 1, 2, and 4% of chromatin. Three independent experiments were performed and a representative blot is shown. *p Ͻ 0.05 compared with IgG or intron (left). E, PGC1␣ knockdown decreased expression of HmgcS1 and Hmgcr. Student's t test for panels B-E; *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001. F, PGC1␣ over-expression increases SRE activation in ST14 cells in lipid-containing (FBS 10%) or lipid-deprived (delip 5%) medium. One-way ANOVA; Newman-Keuls multiple comparison test. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. of PGC1␣ at the transcriptional level . While those studies were performed in primary neurons and brain homogenates, the role of mutant Htt in OLs was not investigated. To examine whether mutant Htt affects PGC1␣ in OLs, we transduced primary OLs with lenti-mutant Htt exon1 (72Q) or lenti-wt Htt (25Q) to achieve nontoxic levels of expression (data not shown). These experiments revealed that PGC1␣ expression was significantly decreased in the presence of mutant Htt when compared with control OLs transduced with lenti-wt Htt (Fig.  4 A) . The decrease of PGC1␣ was accompanied by a decrease in expression of MBP as well as cholesterol synthesis genes HmgcS1 and Hmgcr (Fig. 4 A) . These results suggest that mutant Htt inhibits expression of endogenous PGC1␣ in OLs. Moreover, our data suggest that the effect of mutant Htt on expression of HmgcS1, Hmgcr, and MBP in OLs at least in part occurs via the regulation of PGC1␣.
Abnormalities of CNS myelination in mouse models of HD
Having shown that PGC1␣ regulates expression of MBP and cholesterol synthesis genes (Figs. 2, 3 ) and that mutant Htt-mediated downregulation of PGC1␣ in OLs contributes to the downregulation of MBP and cholesterol synthesis (Fig. 4 A) , we next examined whether abnormalities of myelination exist in mouse models of HD. First, myelination was examined at P14 in the brain of R6/2 mouse model which expresses exon1 fragment of mutant Htt (Mangiarini et al., 1996) . Immunohistochemistry experiments revealed a significant decrease in MBP staining intensity in the corpus callosum and also in the striatum of R6/2 mice (Fig.  4 B, C) . These changes in MBP staining were accompanied by decreased expression of MBP mRNA, further suggesting that postnatal myelination is abnormal in R6/2 HD mice (Fig. 4C ).
To determine whether the deficiency in postnatal myelination persists in adult R6/2 mice, we performed MBP immunostaining in the brain sections from R6/2 HD mice at 6 and 12 weeks of age (Fig. 5A ). We found a significant decrease in MBP staining intensity in the corpus callosum and striatum of R6/2 mice compared with WT controls at both 6 and 12 weeks (Fig. 5B ). This decrease in MBP staining was consistent with decreased expression of MBP mRNA found at both time points (Fig. 5C) .
Next, high-resolution DTI with 11.7 tesla NMR spectrometer was used to examine FA in various brain regions of R6/2 mice (Fig. 5D) . We found that the FA values were significantly decreased in 12 week old R6/2 mice as compared with WT littermate controls in genu and splenium of the corpus callosum (Fig.  5 E, F ) . These results are in agreement with our findings by immunohistochemistry (Fig. 5B ) and suggest that white matter abnormalities can be detected in R6/2 mice. Moreover, these studies are consistent with structural MRI studies in HD patients that demonstrated compromised white matter integrity in the corpus callosum in prodromal HD (Reading et al., 2005; Rosas et al., 2006; Weaver et al., 2009; Rosas et al., 2010) .
To probe whether abnormalities in myelination were detected in another HD mouse model, we examined myelination in BACHD mice (Gray et al., 2008) . The BACHD mice expressing full-length human mutant Htt with 97Q driven by an intact human Htt genomic locus exhibit multiple HD-like phenotypes, including progressive motor and psychiatric-like deficits and late-onset cortical and striatal neurodegenerative pathology (Gray et al., 2008) . Compared with R6/2 mice, the BACHD model has more subtle and delayed phenotype, although behavioral deficits can be already detected at 2 months of age (Gray et al., 2008) . Using confocal microscopy, we examined MBP immunostaining in the striata of 2 week old BACHD mice and found significantly decreased MBP immunostaining intensity in the BACHD mice compared with WT controls (Fig. 6 A) . To better characterize these changes, we used electron microscopy and examined myelin in the corpus callosum and striatum of BACHD mice at P14. We found that the percentages of myelinated axons in the corpus callosum and striatum were not significantly different compared with WT littermates (data not shown), suggesting there was no significant defect in the initiation of myelination. While the average axon diameters of myelinated fibers in both regions were comparable (corpus callosum [CC], WT ϭ 801 Ϯ Higher magnification shows the distribution of MBP and Olig2 in corpus callosum (Cc; white boxes) of WT and R6/2 mice. The nuclei were stained with DAPI (blue). C, Reduced MBP immunofluorescence intensity (quantitation of B) and MBP mRNA expression by real-time RT PCR analysis in R6/2 mouse (n ϭ 3) brains compared with WT mice (n ϭ 4). Data are mean Ϯ SEM. Student's t test; *p Ͻ 0.05, ***p Ͻ 0.001. CPu, Caudate putamen. BACHD ϭ 980 Ϯ 19 m; nϾ300; Student's t test, p Ͼ 0.05 for both), the ratios of axonal diameter and the outer diameter of myelinated fibers (G-ratios) were significantly larger in the corpus callosum (Fig. 6C) and striatum (Fig. 6 D) of BACHD mice compared with WT littermate controls. These results indicated that the myelin sheaths were significantly thinner in BACHD mice. Myelin periodicity, measured as the distance between two major dense lines, is often used as an index of myelin compaction. We found that the periodicity was significantly larger in the corpus callosum but not in the striatum of BACHD mice compared with WT littermates (Fig. 6 E, F ) . Together, the results suggested that myelin sheaths were thinner (larger G-ratio) and less compacted (larger periodicity) in BACHD mice compared with WT mice, suggesting abnormalities in the progression of postnatal myelination process in HD mice.
Discussion
Previous studies showed that PGC1␣ KO mice display white matter lesions in CNS (Lin et al. 2004) and that PGC1␣ levels dramatically increase during peak myelination (Cowell et al., 2007) . In this study, we attempted to directly examine whether PGC1␣ plays a role in postnatal myelination. We found decreased MBP, cholesterol biosynthesis, and deficient myelination during the postnatal period in PGC1␣ KO mice. These findings were extended to primary oligodendrocytes where PGC1␣ expression was upregulated in parallel with expression of MBP upon differentiation of oligodendrocytes. Moreover, downregulation of endogenous PGC1␣ in oligodendrocytes resulted in decreased expression of MBP and the key cholesterol synthesis enzymes HmgcS1 and Hmgcr. Our finding that PGC1␣ activates MBP promoter in cultured cells and gets recruited to MBP promoter in Figure 5. Deficiency in myelination persists in adult R6/2 HD mice. A, Brains from R6/2 mice at the age of 6 or 12 weeks were sectioned and MBP immunostaining performed. B, At both 6 and 12 weeks, MBP staining intensity was significantly decreased in the corpus callosum and striatum (CCϩCPu) of R6/2 mice (n ϭ 6 for both 6 and 12 weeks) compared with WT controls (n ϭ 5 for 6 week, and 6 for 12 week). C, Brain MBP mRNA levels were decreased in both 6 week (n ϭ 6) and 12 week (n ϭ 3) R6/2 mice compared with their respective WT controls (n ϭ 5 for 6 week, and 3 for 12 week). All data are mean Ϯ SEM. Student's t test; *p Ͻ 0.05, ***p Ͻ 0.001. D, Nissl staining (left) and DTI (right) of a perfusion-fixed adult mouse brain were analyzed. Reconstructed white matter tracts from the DTI results are shown in color. 2n, Optic nerve; ac, anterior commissure; cc, corpus callosum; cp, cerebral peduncle; DG, dentate gyrus; ec, external capsule; f, fornix; fi, fimbria; H, hippocampus; ml, medial lemniscus; opt, optic tract; py, pyramidal tract; sm, stria medularis. Scale bar, 1 mm. The color arrows illustrate our color scheme. Red represents rostral-caudal, green for medial-lateral, and blue for dorsal-ventral. E, DTI detected deficits in white matter integrity in R6/2 mice. Mid-sagittal FA images of 12 week old WT and R6/2 mouse brains are shown. The red and yellow ROIs are defined for the genu and splenium of the corpus callosum (gcc and scc, respectively). F, FA values of the gcc and scc. Student's t test; **p Ͻ 0.01 between R6/2 mice and WT control mice (n ϭ 3/genotype).
vivo further suggests that PGC1␣ regulates MBP gene expression. Similarly, PGC1␣ can activate the SRE-containing promoter, suggesting that PGC1␣ regulates cholesterol synthesis by directly or indirectly regulating the SRE-binding protein, SREBP. PGC-1 coactivators have been previously reported to interact with nuclear receptors such as retinoid X receptor and liver X receptor, and non-nuclear receptor transcription factors involved in the regulation of cellular cholesterol metabolism (Oberkofler et al., 2003; Finck and Kelly, 2006) . While the detailed mechanism remains to be elucidated, our results support the notion that PGC1␣ regulates MBP expression and cholesterol metabolism in oligodendrocytes at the transcriptional level.
Defective cholesterol biosynthesis results in deficient myelination (Saher et al., 2005; Verheijen et al., 2009) ; however, it is not clear how the production of cholesterol and other myelin components such as MBP is coordinated. In Schwann cells, the peripheral counterpart of OLs, the major myelin protein P0 requires cholesterol for exiting the ER and for peripheral myelin compaction (Saher et al., 2009) . Similarly, decreased MBP gene expression was previously reported as a result of deficient cholesterol synthesis (Saher et al., 2005) . Intriguingly, another recent study showed that MBP can also activate SREBP signaling by modifying the SRE-mediated gene expression, suggesting that MBP may directly participate in the regulation of cholesterol synthesis genes (Chatterjee et al., 2009) . Although these studies suggest that the relationship between MBP and cholesterol synthesis is complex, our data that PGC1␣ regulates expression of both MBP and cholesterol synthesis genes suggested a coordinated regulation. It will be, therefore, of interest to further examine the molecular mechanism of PGC1␣-mediated regulation of these key myelin components.
Reduced cholesterol biosynthesis and brain cholesterol levels have been reported in several HD mouse models, together with reduced brain cholesterol turnover in mice and humans (Valenza and Cattaneo, 2006; Valenza et al., 2007 Valenza et al., , 2010 Leoni et al., 2008) . In addition, several recent reports have implicated dysfunction of PGC1␣ in the pathogenesis of HD Weydt et al., 2006 Weydt et al., , 2009 Chaturvedi et al., 2009 Chaturvedi et al., , 2010 McConoughey et al., 2010; Ró na-Vörös and Weydt, 2010; Hathorn et al., 2011) . While these studies suggest that PGC1␣ dysfunction in HD primarily affects neurons and muscle cells, our findings indicate that inhibition of PGC1␣ in oligodendrocytes by mutant Htt also contributes to the disease pathogenesis in HD. This conclusion is supported by our finding of abnormal myelination in mouse models of HD.
Structural MRI measurements of gray and white matter volumes, and cortical thickness, have shown widespread areas of atrophy in subjects with prodromal HD ( . At least 300 axons per genotype and area were subjected to G-ratio analysis. E and F, Alignment of myelin sheath revealed differences in myelin periodicity. Periodicity was measured as the mean distance between two major dense lines from at least five randomly chosen myelin sheaths per genotype and area. All data are mean Ϯ SEM. Student's t test; *p Ͻ 0.05, ***p Ͻ 0.001. Scale bars: 50 m (A), 500 nm (B), and 50 nm in (E).
are also signs of myelin abnormalities such as increased number of oligodendrocytes (Myers et al., 1991; Gomez-Tortosa et al., 2001) and increased ferritin iron level (myelin breakdown product) (Bartzokis et al., 2007 ). An increased density of oligodendrocytes is observed in the head of the caudate nucleus for the lower grades (0 and 1) in postmortem HD brain, possibly suggesting a compensatory increase due to deficient myelination in early stages of HD (Myers et al., 1991) . However, it remains unclear whether these white matter changes represent the initial event in HD neuropathology or occur as a result of neuronal damage. Recent MRI studies highlighted the possibility that white matter changes might not be due to simply the loss of cortical gray matter neurons (Stoffers et al., 2010) . In support of this hypothesis, we were able to detect deficient myelination during the early postnatal period in R6/2 and BACHD mouse models of HD, suggesting that abnormalities in myelination occur very early in HD pathogenesis. Compared with R6/2 mice, BACHD mouse model expresses the full-length mutant Htt and has a milder phenotype (Gray et al., 2008) . Unsurprisingly, less striking defects in postnatal myelination were found in these mice. Since no deficits in neuronal function have been reported during the early postnatal period in HD mouse models, these results suggest that oligodendrocytes may be more sensitive to mutant Htt expression than neurons and that perturbations of oligodendrocyte function may be an important early pathogenic event in HD. It remains to be established whether these alterations in myelination observed in HD mice correlate with white matter abnormalities detected in human HD. Our DTI studies in R6/2 mice detect compromised white matter integrity in the corpus callosum where we also observed deficient myelination suggesting that at least in HD mice a positive correlation exists between myelination and white matter abnormalities. These data are also consistent with the recent neuroimaging study that detected compromised white matter integrity of corpus callosum in premanifest HD (Rosas et al., 2006 (Rosas et al., , 2010 . Similarly, structural MRI studies in another fragment model of HD (171aa) revealed white mater atrophy that correlate with findings in human HD (Cheng et al., 2011) . Although our data showed that myelin deficiency persists throughout the life of R6/2 mice, it remains to be determined how dysmyelination may contribute to neuronal dysfunction and subsequent neurodegeneration. It will be of interest to employ more sensitive neuroimaging methods to examine whether early white matter atrophy occurs in brain areas devoid of any gray matter pathology or vice versa. In sum, our data suggest that PGC1␣ plays a role in postnatal myelination by regulating expression of MBP and cholesterol synthesis. In addition, we found deficient myelination in HD mouse models and decreased PGC1␣ activity in oligodendrocytes expressing mutant huntingtin suggesting that PGC1␣ may contribute to abnormal myelination in HD. These findings raise a possibility that upregulating PGC1␣ activity in oligodendrocytes may represent a novel strategy for early therapeutic interventions in HD.
